Introduction
A rticular cartilage is one of the tissues most susceptible to injury and age-related degeneration.
1 Naturally, osteoarthritis is the most common cause of disability in American adults. 1 Approximately 50 million US adults suffer from arthritis, costing over $128 billion annually. 2 Alarmingly, recent studies suggest that younger adults are also suffering from osteoarthritis 3 associated with trauma and occupation-related joint stress. 4 Thus, there is a pressing need to restore the function of injured and diseased articular cartilage.
To address this unmet need, a multitude of tissue engineering approaches have been attempted. However, they are limited by the availability of cell sources. Cell-based methods using autologous chondrocytes such as Carticel are suboptimal due to donor site morbidity and dedifferentiation during in vitro expansion. [5] [6] [7] Because the long-term results of the current standard therapy are unsatisfactory, the possibility of using mesenchymal stem cells (MSCs) for treating articular cartilage defects and osteoarthritis is attracting more attention. [8] [9] [10] However, when used alone or with the chondrogenic inductive growth factors, transforming growth factor beta (TGF-b), [11] [12] [13] [14] MSCs produce fibrocartilage with osteophyte formation. [15] [16] [17] [18] [19] [20] [21] [22] In addition, traditional MSC sources, such as those from the bone marrow, not only require prolonged culturing but also lack consistent cell identity, purity, and potency. [23] [24] [25] [26] [27] [28] Thus, the identification of a new source of stem cells, more specific prochondrogenic factors, and novel therapeutic strategies has been imperative yet challenging.
Perivascular stem cells (PSCs) derived from adipose tissue are highly purified, prospectively isolated type of MSCs that overcome the limitations faced by traditional MSC sources such as long derivation times, highly heterogeneous cell population, and variable potency. [23] [24] [25] [26] [27] [28] This cell source represents an advantage over other cell sources such as bone marrow stem cells (BMSCs) or primary chondrocytes, both of which require weeks for isolation and expansion. In addition, PSCs are a relatively homogenous MSC population and are free of hematopoietic, endothelial, and fibroblastic cell types. 23, 24, 28 These characteristics of high purity, speedy isolation, and reproducibility make PSCs an ideal cell source in the regeneration of specific types of mesenchymal tissues if provided with the proper microenvironment. 29 Nel-like molecule-1 (NELL-1) is a potent, cell-and stagespecific growth factor that promotes osteochondrocyte function. NELL-1 is a secreted molecule that contains putative motifs of several known growth factor families, including an N-terminal thrombospondin-1 module, five von Willebrand factor C domains, and six epidermal growth factor (EGF)-like domains. 30 Loss of Nell-1 results in severe bone and cartilage abnormalities in the skull, vertebral column, ribcage, and long bones. 31 Particularly, Nell-1 deficiency results in reduced expression of a number of cartilage-related genes, including Collagens, Tenascins, Matrilins, and Chondroadherin. 31 Recently published studies demonstrate the successful utility of NELL-1 protein for cartilage tissue engineering: (1) in vitro, NELL-1 can increase cartilage matrix deposition, while preventing chondrocyte dedifferentiation 32 and (2) in vivo, NELL-1 promotes healing of rabbit articular cartilage defects with a tissue that closely replicates native articular cartilage with similar patterns of Safranin-O-positive matrix, columnar pattern of chondrocytic cells, and intervening robust type II collagen deposition. 33 These features make NELL-1 an ideal candidate growth factor for articular cartilage regeneration.
Because the effects of NELL-1 on the chondrogenic differentiation of MSCs have not been identified, and the side effects of other commonly used molecules such as TGF-bs and bone morphogenetic proteins (BMPs) [34] [35] [36] [37] [38] have been reported, this study seeks to develop a more efficacious combinatorial strategy than the ones currently available by using prospectively isolated MSCs, namely PSCs, and an experimentally proven prochondrogenic factor, NELL-1. Such strategy will build the foundation of a novel cell-based therapy for cartilage repair that will significantly benefit patients suffering from osteoarthritis and other chondrogenicdeficient conditions.
Materials and Methods
Isolation of human stromal vascular fraction from human lipoaspirate and purification of human perivascular stem cell from human stromal vascular fraction
The isolation of human stromal vascular fraction (SVF) and purification of human perivascular stem cells (hPSCs) followed standard procedures as previously described. 27, 28, [39] [40] [41] [42] No patient identifiers were obtained, and therefore no University of California, Los Angeles (UCLA) institutional review board approval was required [45 CFR 46.102(f) ]. In brief, human lipoaspirate from 6 cosmetic liposuction patients were collected and digested with collagenase (SigmaAldrich, St. Louis, MO) to get human SVF. Adipocytes were separated by centrifugation and excluded. Red blood cells were removed by adding a red cell lysis buffer (eBioscience, San Diego, CA) to SVF. The processed SVF was filtered through a 70-mm cell filter. The resulting hSVF was immediately processed for hPSC purification.
The isolated hSVF was incubated with the following conjugated antibodies: anti-CD34-phycoerythrin (Dako, Glostrup, Denmark), anti-CD45-allophycocyanin (Santa Cruz Biotechnology, Inc., Santa Cruz, CA), and anti-CD146-fluorescein isothiocyanate (AbD Serotec, Raleigh, NC). The resulting cell population was processed on the fluorescence-activated cell sorting (FACS) Aria cell sorter (BD Biosciences). 4¢,6-Diamidino-2-phenylindole was used for exclusion of any nonviable cells in cell sorting. Consequently, two populations of cells were sorted according to their cell surface markers to constitute hPSCs: distinct pericytes (CD34-, CD146+, CD45-) and adventitial cells (CD34+, CD146-, CD45-) 27, 39, 40, 43, 44 (Supplementary Fig. S1 ; Supplementary Data are available online at www.liebertpub.com/tea).
Human articular cartilage sample preparation and human articular chondrocyte isolation Human articular cartilage samples were obtained from six knee replacement patients. No patient identifiers were obtained, and therefore no University of California, Los Angeles, institutional review board approval was required [45 CFR 46.102(f) ]. The samples were fixed in 4% paraformaldehyde (PFA, Sigma-Aldrich) at 4°C overnight and decalcified with 19% ethylenediaminetetraacetic acid (EDTA; Sigma-Aldrich) for 2 weeks before paraffin embedding.
Human articular chondrocytes (hARCs) were isolated from pooled femoral and tibial articular cartilage with healthy appearance from six knee replacement patients by incubating with 1 mg/mL trypsin (Sigma-Aldrich) for 1 h followed by an overnight digestion in 0.5 mg/mL type II collagenase. The following morning, the isolated chondrocytes were washed with a complete medium (MEM-a + 10% FBS) and seeded at the density of 1 · 10 4 cells/mm 2 for culture expansion. The medium was changed every 3 days. After reaching 70% confluence, cells were used for RNA isolation or immunohistochemistry staining of NELL-1.
Induction of in vitro chondrogenesis
Human BMSCs were purchased from Promo Cell (Catalog Number: C-12975, Lot Number: 1080401.3).
hARCs and hPSCs at passage 0 and hBMSCs at passage 3 were used for pellet culture. Cells were suspended in basic chondrogenic media (DMEM high glucose [Invitrogen, Carlsbad, CA] + 1% ITS + 100 units/mL Penicillin + 100 mg/mL streptomycin + 50 mg/mL ascorbic acid +1 mM sodium pyruvate + 40 mg/mL proline [Sigma-Aldrich]) at a density of 1 · 10 6 cells/mL. Spheroids of 3 · 10 5 cells were formed by centrifuging 300 mL of the cell suspension at 500 g in 15-mL centrifuge tubes. The selection and doses of growth factors, including TGF-b3, BMP-6, and NELL-1, were based on previous publications, 32, 33, 45 and the growth factors added to the 500 mL culture medium for each pellet based on the groups are shown in The pellets were placed in TRIzol Ò Reagent (Invitrogen, Carlsbad, CA; Life Technologies, Carlsbad, CA) and homogenized by using an ultrasonic microtip (Fisher Scientific, Waltham, MA). Total RNA was then isolated following the manufacturer's instruction. DNase (Invitrogen; Life Technologies) treatment was performed, and 1 mg RNA was added for reverse transcription with the SuperScript II Reverse Transcriptase Kit (Invitrogen; Life Technologies). Real-time polymerase chain reaction (PCR) was performed on the 7300 Real-time PCR system with SYBR Green Master mix (Invitrogen; Life Technologies). All the primer sequences used are listed in Table 2 . Concomitant Ribosomal protein L13a (RPL13A) was also evaluated in separate tubes for each reverse transcriptase reaction as a housekeeping standard. Relative gene expression was analyzed by DDC T method. 46 
Glycosaminoglycan quantification
The pellets were digested in 40 mg/mL papain (Invitrogen; Life Technologies), 20 mM ammonium acetate, 1 mM EDTA, and 1 mM dithiothreitol (DTT) (Sigma-Aldrich) for 48 h at 65°C and frozen at -20°C. Samples were then thawed for quantification using dimethylmethylene blue (DMMB) dye binding assay for glycosaminoglycan (GAG) content and DNA quantitation kit for DNA quantification. For the DMMB assay, chondroitin sulfate (Sigma-Aldrich) was used to generate a standard curve. Results were read at a wavelength of 525 nm. DNA content was assessed using a commercial kit: DNA Quantitation Kit-Fluorescence Assay (Cat# DNAQF-1KT; Sigma-Aldrich) in a 96-well plate. The assay was carried out according to the manufacturer's instructions. GAG content was normalized to DNA content.
Histology and immunohistochemistry
Monolayer-cultured human PSCs and human ARCs at 50-70% confluence were fixed in 4% PFA (Sigma-Aldrich) at room temperature for 15 min. The pellets for each time point were fixed in 4% PFA (Sigma-Aldrich) at 4°C overnight before paraffin embedding. Hematoxylin and eosin staining was performed on 5-mm sections for histological analyses, while Alcian Blue staining was performed following the standard protocols. 32, 33 For the immunohistochemistry staining, the slides were blocked with 3% bovine serum albumin before being incubated with primary antibodies. The manufacturer, catalog number, antigen retrieval condition, and the concentration of each of the primary antibodies used for immunohistochemistry staining (IHC) are listed in Supplementary Table S2 .
Imaging and image processing
Images were acquired at room temperature with the CellSens software (Olympus, America, Inc., Center Valley, PA) on a microscope (Olympus, America, Inc.) using 10· (dry HC Plan Apochromat, NA 0.30) and 20· (dry HC Plan Apochromat, NA 0.17) objective lenses. Images were processed in Photoshop CS2 and Illustrator CS4 (Adobe Systems Computer Software Company, San Jose, CA) for image merging.
Statistical analysis
Statistical analysis was performed with OriginPro 8 (Origin Lab Corp., Northampton, MA) using the one-way ANOVA test and the two-sample t-test. p < 0.05 was considered statistically significant.
The correlation analysis was performed with OriginPro 8 (Origin Lab Corp.) using the Pearson correlation test. jrj > 0.7 was considered statistically highly related, while r > 0 represented a positive correlation.
Results

Positive correlation between NELL-1 expression and chondrogenesis
To explore the correlation between NELL-1 and chondrocyte/MSC chondrogenesis, we first tested the expression of NELL-1 in human articular cartilage (Fig. 1) . The positive staining of NELL-1 was mainly found in the chondrocytes of the superficial zone, middle zone, and uncalcified deep BMP-2 (500 ng/mL) BMP-4 (500 ng/mL) BMP-6 (500 ng/mL) Groups
BMP, bone morphogenetic protein; TGF-b, transforming growth factor beta.
zone of the articular cartilage. In vitro, the endogenous level of NELL-1 in mature hARCs was 12.5-fold higher than in hPSCs as measured by real-time PCR (Fig. 2A) . With respect to the protein level by immunocytochemistry, mature hARCs exhibited a stronger staining intensity of NELL-1 when compared to hPSCs ( Fig. 2B and Supplementary Table S3-1). As hPSCs underwent chondrogenesis in basic chondrogenic media for a total of 8 weeks (56 days), the expression level of NELL-1 increased gradually in the first 7 weeks and then dropped at week 8 ( Fig. 2C) , which paralleled the expression of chondrogenic markers, including cartilage oligomeric matrix protein (COMP, Fig. 2D ), COLLAGEN II (Fig. 2E) , and AGGRECAN (Fig. 2F) in the hPSC pellets. Thus, not only NELL-1 is highly expressed in articular cartilage and mature chondrocytes but also its expression increases gradually in hPSCs during chondrogenic differentiation. Furthermore, the expression levels of COMP, COLLAGEN II, and AGGRECAN were significantly positively correlated with the expression levels of NELL-1 during the hPSC chondrogenic differentiation (Fig. 2G-I ). These findings reveal a gene expression and correlation between NELL-1 and chondrogenesis in hPSCs.
Recombinant human NELL-1 has prochondrogenic effects on hPSCs
Since NELL-1 expression increased in hPSCs during chondrogenic differentiation, we questioned the chondrogenic differentiation potency of hPSCs and if recombinant human NELL-1 alone could promote chondrogenic differentiation of hPSCs. By comparing the hPSC, hBMSC, and hARC pellets after 7 days of treatment, we found that the (RPL13A)  5¢-AAG TAC CAG GCA GTG ACA G-3¢  5¢-CCT GTT TCC GTA GCC TCA TG-3¢  Neural EGFL like 1 (NELL1)  5¢-TAT GAG CGT GTG ATA GAC CCT C-3¢  5¢-TCC CAT CTT GGA TGA TCC CTT- (Fig. 3B) . Thus, compared with hBMSCs and hARCs, hPSCs had lower chondrogenic potency. For the hPSCs treated with growth factors, the addition of TGF-b3 could only significantly increase the gene expression level of SOX9 in comparison to the control (Fig. 3A) . Morphologically, the TGF-b3 treatment group exhibited a dense fibrous tissue shell on the surface of the pellets at day 21 (Fig. 3B) . On the other hand, NELL-1 treatment was found not only to dramatically increase the expression of SOX9 to a level comparable to that of the TGF-b3 positive control but also increase the expression levels of COLLAGEN II and AG-GRECAN, with significantly higher expression levels compared with the controls at day 7 (Fig. 3A) . Notably, focal areas within the pellets with intense Alcian Blue staining were observed in both the NELL-1 and TGF-b3 treatment samples, although typical cartilaginous histology, including chondrocyte-like cells clustered in groups and interterritorial cartilage matrix with darker staining, was not observed at day 21 (Fig. 3B) . Indeed, our findings suggest that NELL-1 alone has prochondrogenic effects on hPSCs comparable to, if not significantly greater than, TGF-b3.
NELL-1 significantly enhances and accelerates the chondrogenic differentiation of hPSCs induced by TGF-b3 + BMP-6
Compared with BMSCs, the nonbone marrow-derived MSCs in general are less responsive to chondrogenic induction and unaffected by relevant growth factors such as TGF-b3. [12] [13] [14] [15] 45, 47 While chondrogenic induction of hPSCs by TGF-b1 or TGF-b3 alone was also suboptimal, improved chondrogenic differentiation of hPSCs was observed in the presence of TGF-b3 + BMP-6 stimulation for 42 days, as demonstrated by positive staining of COLLAGEN II in obvious hyaline cartilage-like areas (Fig. 4) . In addition to chondrogenic differentiation, after 21 days of treatment, TGF-b3 + BMP-6 also increased the size (Fig. 5A ) and GAG accumulation (Fig. 5B ) of the hPSC pellets in comparison to the control. The addition of NELL-1 further enhanced the SOX9 and COLLAGEN II expression in hPSC pellets (Fig. 4) , enlarged the pellets (Fig. 5A) , and increased the GAG content (Fig. 5B) .
At the molecular level, the hPSC pellets treated with TGFb3 + BMP-6 demonstrated a time-dependent increase (from day 7 to 21) in the gene expression of chondrogenic markers, including SOX9, COLLAGEN II, COMP, and AGGRECAN, at levels much higher compared with the control group (increased from 2-to 35-fold) (Fig. 6A and Supplementary  Table S3-3) . The same trends were also observed by immunohistochemical staining. Specifically, the SOX9, COLLAGEN II, COMP, and AGGRECAN expression was limited in the control pellets (Fig. 6B) , but clearly shown in the TGFb3 + BMP-6-treated pellets (Fig. 6B) .
With the addition of NELL-1, the highest expression levels of SOX9, COLLAGEN II, and AGGRECAN at each time point were observed among the three treatment groups (Fig. 6A) . Specifically, at day 21, the gene expression level of SOX9 in the TGF-b3 + BMP-6 + NELL-1 group was 55-fold higher than the control and twofold higher than the TGF-b3 + BMP-6 group; COLLAGEN II in the TGFb3 +BMP-6 + NELL-1 group was sevenfold higher than the control and twofold higher than the TGF-b3 + BMP-6 group; and AGGRECAN in the TGF-b3 + BMP-6 + NELL-1 group was 50-fold higher than the control and 1.5-fold higher than the TGF-b3 + BMP-6 group. The TGF-b3 + BMP-6 + NELL-1 group also exhibited significantly higher expression levels of COMP compared with the other two groups at day 21 (fivefold higher than the control group, 1.2-fold higher than the TGF-b3 + BMP-6 group) (Fig. 6A) . Meanwhile, the addition of NELL-1 increased the staining intensity of SOX9, COLLAGEN II, COMP, and AGGRECAN in hPSC pellets, which was much stronger than the staining of hBMSC pellets, and was at a comparable level with the staining of hARC pellets (Fig. 6B ).
The addition of NELL-1 limits the side effects of chondrogenic differentiation caused by TGF-b3 + BMP-6 in hPSCs
As NELL-1 has also shown to enhance bone formation in hPSCs 39, 42, 48 and fibrosis, hypertrophy, and mineralization are unwanted effects that immensely limit the clinical usage of current prochondrogenic growth factors, [34] [35] [36] [37] [38] we further tested the expression of hypertrophic, fibrotic, osteogenic, and apoptotic markers in pellets from the TGF-b3 + BMP-6 + NELL-1 group.
After 21 days in culture, the addition of TGF-b3 and BMP-6 to the basic chondrogenic medium increased the gene expression of COLLAGEN X and ADAMTS4 as analyzed by real-time PCR (Fig. 7A and Supplementary Table S3-4 ) and the protein expression of COLLAGEN X and MMP13 as analyzed by IHC (Fig. 7B) . However, the addition of NELL-1 did not further increase the expression of these hypertrophic markers. Inversely, NELL-1 could reduce the markers' expression both at gene and protein levels (Fig. 7) .
The same trends were also observed in the expression of the fibrotic marker COLLAGEN I at day 21. As shown in Figure 8 , the hPSC pellets in the TGF-b3 + BMP-6 group showed high expression level of COLLAGEN I, while pellets in the TGF-b3 + BMP-6 + NELL-1 group showed almost the same expression level of COLLAGEN I as the control group (Supplementary Table S3 -5) .
For the long-term treatment (56 days, 8 weeks), the pellets treated with TGF-b3 + BMP-6 exhibited two to sevenfold higher gene expression levels of the osteogenic markers, including OSTEOCALCIN, OSTEOPONTIN, and VEGF, than the control group (Fig. 9A) . The TGF-b3 + BMP-6 pellets also had high staining intensity of OSTEOCALCIN (Fig. 9B) . On the other hand, the TGF-b3 + BMP-6 + NELL-1 pellets expressed OSTEOCALCIN and OSTEOPONTIN two to threefold higher than the control pellets, but lower than the TGF-b3 + BMP-6 pellets (Fig. 9A) . The staining intensity of OSTEOCALCIN in the TGF-b3 + BMP-6 + NELL-1 pellets was almost the same as that in the control pellets (Fig. 9B ). Furthermore, the expression level of VEGF in the TGF-b3 + BMP-6 + NELL-1 pellets was also lower compared with the TGF-b3 + BMP-6 pellets ( Fig. 9A and Supplementary Table S3-6).
In addition, the usage of NELL-1 did not alter the PSC proliferation ( Supplementary Fig. S2 and Supplementary Table S3-9) and apoptosis ( Supplementary Fig. S3 and Supplementary Table S3-10) in the pellets.
Collectively, the combination of NELL-1, TGF-b3, and BMP-6 appears to be an improved combinatorial therapeutic strategy that promotes chondrogenic differentiation and limits the hypertrophic, fibrotic, osteogenic, and apoptotic progression of hPSCs over the currently acceptable TGF-b + BMP regimen in articular cartilage repair. 15 
NELL-1 increases the expression level of BMP receptors and TGF-b receptors in hPSCs
To explore the underlying mechanism of NELL-1 in accelerating and enhancing chondrogenic differentiation of hPSCs, we next sought to investigate the expression of BMP receptors and the TGF-b receptor type I (TGFbRI). Notably, NELL-1 was found to increase the gene and protein expression levels of all the BMP receptors, including BMP receptor type IA (BMPRIA), BMP receptor type IB (BMPRIB), and BMP receptor type II (BMPRII) (Fig. 10A, B and Supplementary Table  S3-7) . However, NELL-1 alone did not alter the expression of TGFbRI (Fig. 10C, D) . In the presence of TGF-b3 + BMP-6, NELL-1 elevated the expression of TGFbRI to a level much higher compared with the control and that of NELL-1 alone (Fig. 10C, D and Supplementary Table S3-8) . These results may, at least partially, provide the mode of action of NELL-1 in the enhancement of chondrogenic hPSC differentiation under current testing conditions.
Discussion
As we have previously shown, NELL-1 protein alone results in successful healing of rabbit articular cartilage defects. 33 However, for larger and more clinically challenging defects involving cartilage repair, we postulate that MSCs or chondroprogenitor cells are necessary and advantageous. [8] [9] [10] To overcome the limitations associated with conventionally derived BMSC populations, we have used FACS to purify human perivascular cell populations to a high level of homogeneity from human adipose tissue consisting of microvascular pericytes (CD146+, CD34-, CD45-, CD31-) and adventitial cells (CD146-, CD34+, CD45-, CD31-). Color images available online at www.liebertpub.com/tea perivascular stem cells or PSCs, not only possess characteristics of conventional MSCs, including multilineage differentiation potential, but also possess unique advantages for tissue engineering. 24, 27, 28, 49, 53 In this study, not surprisingly, the basic chondrogenic differentiation ability of hPSCs is lower compared with hBMSCs and hARCs. After trying multiple combinations of TGF-bs and BMPs, the hPSC pellets showed hyaline cartilage formation 42 days after being treated with TGF-b3 and BMP-6. This outcome was similar to the results reported by others on the chondrogenic induction of MSCs using the well-known growth factors TGF-bs and BMPs. 15 Thus, we confirmed that hPSCs derived from lipoaspirate, a novel and abundant source of MSCs, have the ability to differentiate into chondrocytes and form cartilaginous tissue in pellet cultures. The specific advantages of PSCs over articular chondrocytes or BMSCs are multiple, including: (1) no need for culture, thereby decreasing the risks of immunogenicity, infection, and genetic instability, 54 (2) easy accessibility, (3) minimal donor site morbidity, (4) precise characterization of native tissue localization, phenotype, and developmental potential (conversely, MSCs are only retrospectively derived from primary, heterogeneous cell cultures), and (5) ). With defined cellular identity, purity (homogeneity), and increased potency, PSCs could become a novel MSC source for cartilage regeneration. Importantly, PSC sources effectively bypass the time-consuming in vitro isolation and expansion techniques required for the traditional MSC sources.
Despite the encouraging effects of NELL-1 on cartilage regeneration in a challenging rabbit cartilage defect model, 33 the importance and effects of NELL-1 on PSC/MSC chondrogenesis are not well defined. In this study, we identified and validated the gene and protein expression of NELL-1 in human articular cartilage and mature hARCs. Specifically, we demonstrated the time-dependent, increasing expression levels of NELL-1 during the chondrogenic differentiation of hPSCs along with the expression of chondrogenic markers: COLLAGEN II, COMP, and AGGRECAN. These results clearly demonstrated the high correlation between NELL-1 and chondrogenesis.
Functionally, NELL-1 alone can dramatically increase chondrogenic marker expression in PSC pellets when compared with the control and TGF-b3 only groups, which demonstrate that NELL-1 is a prochondrogenic protein for PSCs/MSCs. Countless research projects have focused on finding the best combination of growth factors, dosages, and time courses for MSC chondrogenesis. 14, 15, 17, 22, 35, 47, [55] [56] [57] However, numerous studies have indicated that the current strategies delivering TGF-bs and BMPs result in an inadequate quantity and quality of regenerated cartilage. [58] [59] [60] [61] [62] To find a better combination of available growth factors for hPSC chondrogenesis and to shorten the in vitro inducing time, which may also expedite in vivo cartilage formation, we introduced a NELL-1 + TGF-b3 + BMP-6 combination.
Grossly, NELL-1 enlarged the size of hPSC pellets in combination with TGF-b3 and BMP-6 in vitro. The addition of NELL-1 to TGF-b3 + BMP-6 also enhanced the GAG accumulation and increased the gene expression of chondrogenic markers as early as 7 days postinduction. At 21 days postinduction, the NELL-1 + TGF-b3 + BMP-6-treated pellets showed the highest gene and protein expression levels of all the chondrogenic markers in comparison to the pellets in the control and TGF-b3 + BMP-6 groups. Thus, the combination of NELL-1 + TGF-b3 + BMP-6 significantly reduces the time course of cartilage formation with hPSCs in comparison to the 42 days required for TGF-b3 + BMP-6. Furthermore, the addition of NELL-1 also restricted the unwanted effects that commonly accompany chondrogenic differentiation of MSCs when treated with TGFbs and BMPs, including hypertrophy, fibrosis, osteogenesis (mineralization), and apoptosis. This result indicates the superior prochondrogenic potential of NELL-1 that may contribute significantly to the current regimen of driving MSCs toward chondrogenesis.
Hennig et al. 63 described that MSCs originating from adipose tissue (ATSC) exhibited a reduced chondrogenic potential under standard culture conditions driven by TGFb due to the lack of TGF-b receptor type I expression when compared with BMSCs, and BMP-6 treatment can elevate TGF-b receptor type I expression levels to facilitate TGF-b effects on ATSC. 63 To explore how NELL-1 could accelerate and enhance cartilage formation in a manner similar to BMSCs, we tested the effects of NELL-1 on BMP and TGF-b receptor expression levels in hPSCs. NELL-1 treatment alone did not significantly increase the expression level of TGF-b receptor type I. However, the addition of NELL-1 dramatically enhanced TGF-b receptor type I expression in the presence of BMP-6. Moreover, NELL-1 stimulation revealed higher expression levels of all BMP receptors, including BMP receptor type IA, BMP receptor type IB, and BMP receptor type II when compared to the control group. Collectively, with the combinatorial application of NELL-1 + TGF-b3 + BMP-6, we propose that NELL-1 increases the expression of BMP receptors in hPSCs to enhance the receptors' availability to BMP-6 stimulation. This, in turn, elevates the expression level of TGF-b receptor type I for increased responsiveness to TGF-b stimulation of hPSCs.
Additional studies are required to decipher the precise mode of action of this novel combinatorial strategy using NELL-1 + TGF-b3 + BMP-6 in hPSCs/MSCs for cartilage regeneration. In addition, the human lipoaspirates containing abundant hPSCs that are usually discarded as waste and readily obtainable may become a superior reliable cell source over conventional bone marrow aspirates. Together, this combinatorial application of NELL-1, TGF-b3, and BMP-6 using hPSCs derived from lipoaspirates may have a profound impact on the future of cartilage regeneration.
